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Resonance optimization of 
polychromatic light in disordered 
structures
Hongwei Yin1,2, Adenowo Gbadebo2, Elena G. Turitsyna  2 & Sergei K. Turitsyn  2
Disorder offers rich possibilities for manipulating the phase and intensity of light and designing 
photonic devices for various applications including random lasers, light storage, and speckle-free 
imaging. Disorder-based optical systems can be implemented in one-dimensional structures based on 
random or pseudo-random alternating layers with different refractive indices. Such structures can be 
treated as sequences of scatterers, in which spatial light localization is characterized by random sets 
of spectral transmission resonances, each accompanied by a relatively high-intensity concentration. 
The control and manipulation of resonances is the key element in designing disorder-based photonic 
systems. In this work, we introduce a method of controlling disorder-induced resonances by using 
the established non-trivial interconnection between the symmetry of bi-directional light propagation 
properties and the features of the resonant transmissions. Considering a fiber with resonant Bragg 
gratings as an example, the mechanism of enhancing or suppressing the resonant transmission of 
polychromatic light and the effectiveness of the method have been demonstrated both theoretically 
and experimentally. The proposed algorithm of controlling disorder-induced resonances is general and 
applicable to classical waves and quantum particles, for disordered systems both with and without gain.
Design and operation of a variety of optical devices, such as lasers, switches, modulators of light, and many oth-
ers, require efficient algorithms for controlling and manipulating radiation-matter interactions. Nowadays, the 
majority of these methods rely upon periodic photonic structures (for example, gratings or photonic crystals) 
whose band structures enable appropriate light harnessing. However, the random deviations from periodicity that 
are inevitably present in any manufactured sample often create a serious obstacle in the practical use of periodic 
structures, or limit their application. An alternative to pursue perfect periodicity is to take an opposite extreme: 
the fabrication of highly disordered structures that could be harnessed to create tunable resonant elements. The 
design of photonic devices based on disorder has attracted a great deal of attention in recent years1–8. Random 
variations of the refractive index can occur due to inherent material properties, for example the scattering of light 
on the irregularities of a medium, or they can be “engineered”9. A well-known example of a disorder-based device 
is the random laser10, 11. The concept of photon localization in disordered optical mediums connects fundamental 
theoretical physics and optical engineering, creating new possibilities for the spectral and spatial control of light.
In particular, one-dimensional (1D) random structures (for example, randomly layered single-mode wave-
guides and fibers) combine the perfect directionality of light along the system with unique spectral and transport 
properties that, for many applications, offer advantages over properties of periodic structures. In a closed, isolated 
1D disordered system, all eigenstates (normal modes) are exponentially localized. When a sample is open, that 
is, it is coupled to the environment due to the finite transparency of the edges, it is characterized by quasi-normal 
modes, which can be found as the field distributions satisfying outgoing boundary conditions12. The eigenfre-
quencies of the quasi-normal modes are complex, and their imaginary parts are the inverses of the corresponding 
lifetimes. In the localized regime, the transmission spectrum consists of wide “gaps” where the transparency is 
exponentially small with relatively narrow resonances - maxima of the transmission coefficients at frequencies 
that are equal to the real parts of the eigenvalues of the corresponding quasi-normal modes. At each resonant 
frequency, a random 1D configuration can be considered as an open resonator with a high quality factor. In stark 
distinction to a regular resonator whose modes occupy all inner space, in a 1D random structure, quasi-normal 
modes are spatially extended and overlap, making individual mode selection extremely challenging13. Since the 
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resonances are sharp and sensitive to small changes in the parameters of the configuration, one can switch a sam-
ple from reflection to transmission, or tune the emission of a source located inside the sample by external actions, 
for example illuminating it with electromagnetic radiation that changes the dielectric constant of the material 
due to nonlinear effects14, 15. This potentially offers functionality much richer than that in periodic photonic 
structures. However, a substantial problem in the practical exploitation of disorder-based structures is that their 
parameters are random and hard to predict. One of the major challenges in designing disorder-based photonic 
elements is a capability to manipulate resonances that correspond to the localized states. We would like to men-
tion that the scheme for the construction of the random potential, elaborated in the paper, has some similarity 
with the approach used for modeling random dispersion management in fiber-optic systems16, 17.
Most of the available theoretical results deal with ensemble averaging over a large number of random real-
izations. The description of the properties of a disordered system for a particular distribution of scatters is a 
much more challenging theoretical and engineering problem. High-intensity concentration within the disor-
dered mediums can be considered as an “effective cavity”5, 12, 18, 19. Characteristics of transmission resonances, for 
example width, are highly sensitive to the spatial position of the effective cavity in the system. To the best of our 
knowledge, there are no results in the literature on designing spectral resonances by controlling the position of 
the effective cavity in the system.
In this work, we find a link between the symmetry of the bi-directional light propagation properties and the 
measurable features of resonant transmission spectra of the disordered system. We apply this link to the efficient 
design of the transmission characteristics of multiple resonances via a disorder micro-modification.
Results
Resonance description and resonance optimization method. To demonstrate the principle of the 
proposed method of resonance optimization in 1D disordered systems, we consider two practical implemen-
tations: a fiber Bragg grating (FBG) array (Fig. 1a), and a layered dielectric medium (Fig. 1b). The first system 
is built of identical FBGs separated by homogeneous fiber sections of random lengths. In our simulations, we 
considered an FBG array formed of 20 uniform, 3-mm-long gratings (with a refractive index change of 10−4), 
with the Bragg wavelength of λB = 1,550 nm, the peak reflectivity of 0.20, and the full width at half maximum of 
0.27 nm. The layered medium consisted of 50 alternating layers with the refractive indices n1 = 2.1 and n2 = 1.4, 
and with the central wavelength λ0 = 1,550 nm. The wavelength of the incident wave considered in the intervals 
was 1,549.8 < λ < 1,550.2 nm for the FBG array, and 1,050 < λ < 2,050 nm for the random layer simulations. In 
both cases, the disorder was introduced through the lengths of the random cavities; that is, by varying the phase 
shifts between incident and transmitted waves, which are assumed to be uniformly distributed from 0 to 2π in 
fibers and from 0.3π to 0.7π in randomly layered mediums.
The second system consists of alternating layers of random lengths with different refractive indices (n1 and n2). 
Particular examples of random distributions of the phase shifts in the FBG array and the layered medium are shown 
in Fig. 1c and d, respectively. The corresponding resonant transmission coefficients are shown in Fig. 1e and f. Eight 
resonances with transmission values R1–R8 were selected for the analysis and optimization (Fig. 1e and f).
The approach proposed here is based on the following simple observation: while the transmission coef-
ficients are independent of the direction of incidence, the intensity distributions created by the left- and 
right-incident waves are, in general, different. This feature of the disordered 1D systems will be used in a new 
spatio-spectral design method. Asymmetry between left-propagating and right-propagating light also appears 
in the high-intensity field concentration that is another characteristic feature of 1D light localization. The 
spatial-frequency high-intensity field concentrations in the random FBG array and in the random layered 
medium are shown in Fig. 2. Figure 2 clearly demonstrates the effect of the directionality of the incident light 
(left- and right-incident). One can see from Fig. 2 that high-intensity concentrations always occur at the reso-
nances of transmission (compared to Fig. 1e and d) and such high-intensity areas are sensitive to the direction of 
the incident light. The normalized bi-directional intensity distributions of the eight selected resonances R1–R8 
are shown in Fig. 3. The normalized intensity distributions defined in this work naturally represent the effective 
spatial cavities associated with spectral resonances.
To quantify the asymmetry of the light propagation in the left and right directions at each wavelength, we 
introduce the deviation factor (DF), which is an integral (over space) characteristic of the differences between 
the intensities of left- and right-propagating light. Left-incident and right-incident spatial-frequency intensity 
distributions generated by incident monochromatic radiation with the wavelength λ are described by IL(m;λ) 
and IR(m;λ), where m is the layer number counted from the left edge of a sample, and the subscripts L and R rep-
resent the left-incident and right-incident directions, respectively. The bi-directional spatial-frequency intensity 
distributions can be further normalized by
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where λI m( ; )L  and λI m( ; )R  are the left-incident and right-incident normalized intensity distributions, respec-
tively. The normalized intensity distribution naturally represents the effective cavity. To characterize the localiza-
tion of light in space, we introduce the intensity factor (IF), which is a maximum (over all layers) of a half of the 
sum of the left- and right-propagating light intensities. To quantify the asymmetry of the light propagation in the 
left and right directions at each wavelength, we introduce the deviation factor (DF), βdev, to quantitatively describe 
the symmetry of the bi-directional effective cavities, and the intensity factor (IF), βint to quantify the bi-directional 
intensity concentrations.
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where M is the total number of layers. By combining the DF and the IF we introduce the localization factor (LF), 
which is used as an optimization parameter. The integral localization properties of the sample are given by the 
total localization factor (TLF) obtained by summing the LF of multiple resonances: J(λ) = −log[βdev(λ) × βint(λ)]. 
The total localization factor (TLF) of (λ1, λ2, …, λG) resonances with the wavelengths can be obtained by 
λ λ λ… = ∑ =J J( , , ) ( )G iG i1 1 .
One can see from Figs 1, 2 and 3 that there is a clear link between the directionality of light propagation, local-
ization, and the transmission resonances. The retrieval of some internal parameters of the disordered mediums 
from the externally measurable resonant transmission had been studied18. However, in the present work, we 
make a major new step and demonstrate a breakthrough possibility of the controlled localization-delocalization 
Figure 1. Disordered mediums and disorder-induced resonant transmissions. (a) FBG array; (b) layered 
medium. Random phase shifts in (c) the FBG array, and (d) the layered medium. Disorder-induced resonant 
transmissions in (e) the FBG array, and (f) the layered medium.
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of random resonances achieved by exploiting the existing link between the externally measurable resonant char-
acteristics, including spectral width and the bi-directional high-intensity concentrations.
We would like to emphasize that by using the proposed approach, it is possible to optimize both the resonant 
transmission and the width of multiple resonances by controlling the TLF via a disorder micro-modification. 
The developed resonance design scheme is based on the stochastic parallel gradient descent (SPGD) method20 
(see Methods). The TLF is continuously ascending for localization (enhancement) resonance optimization, or 
descending for delocalization (suppression) resonance optimization, until the preset (desired) feature is achieved. 
Note that although only phase shift disorder is considered in this work, the proposed resonance optimization 
algorithm is readily applicable to other kinds of disorder.
Resonance optimization of FBG array without gain - possibility to design disorder-based local-
ization filter. Here we demonstrate the efficiency of the proposed design algorithm considering an FBG 
array optimization. Two-way (localization and delocalization) resonance optimizations of the four variously 
localized resonances R1–R4 are shown in Fig. 4. We can see from Fig. 4 that by controlling the TLF via the disor-
der micro-modification, we have optimized both the resonant transmissions and the resonant widths of R1–R4. 
The localization resonance design depicted in Fig. 4c is completed after iterations and took about 4.6 minutes of 
numerical simulations on a standard PC, while the delocalization resonance optimization shown in Fig. 4d took 
only 6.3 seconds and was completed after 435 iterations. Extensive simulations prove the efficiency of the pro-
posed one-parameter optimization technique compared to brute force direct optimization, which is not practical 
for systems with too many variable parameters.
The feasibility of the proposed design algorithms of the disorder micro-modification for tailoring real fiber 
systems was verified experimentally. Three FBG arrays with original disorder, optimized disorder 1, and opti-
mized disorder 2 (the black, red, and blue bricks, respectively, in Fig. 4a) were manufactured (see the Methods 
section for details), and the corresponding transmission coefficients were measured (the red peaks in Fig. 4b–d). 
The red peaks in Fig. 4b–d show that all four profound localized resonances were efficiently enhanced or sup-
pressed, demonstrating the feasibility of the proposed approach. In Fig. 4, we have optimized both the resonant 
transmission and spectral widths of four resonances by controlling only one parameter - the TLF. Our method 
might be extended to the disordered media with gain that are widely used in random lasers. For example, random 
lasers have been demonstrated in a randomly disordered, amplified FBG array1, 3, and a variety of results are avail-
able for layered medium arrays (see for example refs 8, 10, 11 and references therein). A spectral control of such 
random lasers can be achieved by adaptive pumping13. We demonstrate below that the proposed resonance design 
algorithm can be easily adapted to disordered mediums with gain.
Figure 2. Disorder-induced spatial-frequency bi-directional high-intensity concentrations. (a) Left-incident 
intensity in the FBG array. (b) Left-incident intensity in the layered medium. (c) Right-incident intensity in the 
FBG array. (d) Right-incident intensity in the layered medium.
www.nature.com/scientificreports/
5ScIentIfIc RepoRTs | 7: 8042  | DOI:10.1038/s41598-017-08635-1
Resonance optimization of FBG array with gain. We consider the FBG array with optimized disorder 
1 as an example, and homogenously amplify it with a light gain of 20 dB/m. Two-way resonance optimizations 
between localization and delocalization of the amplified FBG array are shown in Fig. 5. We can see from Fig. 5b 
that light gain could lead to the suppression of some resonances (see R2 and R3 in Fig. 5b), because of the mode 
competition and the fact that light gain breaks the established symmetries of the bi-directional effective cavities 
(see Figs 6 and 7). It is seen that the localization states can be influenced both by the introduced disorder and by 
the pre-designed pump profile. This result is in full agreement with the observation that changes in the pump 
power can lead to large fluctuations of random lasing2, 3, and possibility of control over the emission wavelengths13 
by adaptive pumping.
Discussion
As shown in Figs 3 and 4, the total localization factor was increased from 449.62 to over 1,800 by modifying the 
original disorder (the black bricks in Fig. 4a) to the optimized sequence of the phases (disorder 1, the red bricks 
in Fig. 3a). Through this design optimization, all four variously localized resonances R1–R4 (the black peaks in 
Fig. 4b) were transformed to perfectly localized resonances (the black peaks in Fig. 4c) with close-to-unity reso-
nant transmissions and narrow resonant widths (bi-directional high-intensity concentrations). In a similar man-
ner, it was possible to achieve delocalization of these modes by modifying the original disorder (the black bricks 
in Fig. 4a) to disorder 2 (the blue bricks in Fig. 4a). Four variously localized resonances R1–R4 (the black peaks 
in Fig. 4b) were all changed to the perfectly delocalized resonances (the black peaks in Fig. 4c) with close-to-zero 
resonant transmissions and wide resonant widths (bi-directional low-intensity concentrations).
Comparing the fabricated FBG arrays with the original disordered structure (the red peaks in Fig. 4b) and 
the optimized case 1 (the red peaks in Fig. 4c), the measured transmission coefficients of the R1–R4 resonances 
increased from 0.24, 0.02, 0.30, and 0.18 to 0.26, 0.21, 0.60, and 0.53, respectively. Similarly, comparing the 
Figure 3. Normalized bi-directional intensity distributions in the FBG array and the layered medium. (a) R1. 
(b) R5. (c) R2. (d) R6. (e) R3. (f) R7. (g) R4. (h) R8. W: wavelength in nm, T: transmission, DF: deviation factor, 
IF: intensity factor.
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Figure 4. Two-way resonance optimizations between localization and delocalization of the FBG array. 
(a) Original disorder and designed (optimized) disorders. (b) Resonances of original disorder (simulation 
and fabrication) before resonance optimization. (c) Resonances of optimized disorder 1 (simulation and 
experimental fabrication) after localization resonance optimization. (d) Resonances of optimized disorder 2 
(simulation and fabrication) after delocalization resonance optimization. TLF: total localization factor.
Figure 5. Two-way resonance optimizations between localization and delocalization of the amplified FBG 
array. (a) Optimized disorders. (b) Resonances of optimized disorder 1. (c) Resonances of optimized disorder 3. 
(d) Resonances of optimized disorder 4. TLF: total localization factor; gain rate: 20 dB/m.
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fabricated FBG arrays with the original disordered structure (the red peaks in Fig. 4b) and the optimized case 2 
(the red peaks in Fig. 4d), the measured transmission coefficients of R1–R4 decreased from 0.24, 0.02, 0.30, and 
0.18 to 0.01, 0.00, 0.07, and 0.00, respectively.
The normal FBG array with optimized disorder 1 had four perfectly localized resonances with close-to-unity 
resonant transmissions and narrow resonant widths (the red peaks in Fig. 5b), while the FBG array with gain with 
the same disorder had four variously localized resonances with fluctuating resonant transmissions and resonant 
widths (the black peaks in Fig. 5b). For example, R1 and R4 were only slightly amplified (R1: 0.98 up to 1.13, R4: 
0.95 up to 3.84), and R2 and R3 were notably suppressed (R2: 0.95 down to 0.22, R3: 0.95 down to 0.05) with gain. 
R1 and R3 were strongly amplified via the disorder micro-modification (shown in Fig. 5c).
Here we propose and verify an empirical formula to describe the resonant width of the perfectly localized 
resonance. Figure 3 shows the normalized bi-directional intensity distributions (effective cavities) corresponding 
to R1–R8. For R1 and R5 with high resonant transmissions, the bi-directional effective cavities match each other 
perfectly (Fig. 3a and b); for R2 and R6 with low resonant transmissions (Fig. 3c and d) they deviate from each 
other distinctively, and for R3 and R4, and R7 and R8, with medium resonant transmissions (Fig. 3e–h) they 
deviate from each other to a certain extent. Thus, there is a clear link between the symmetry of the bi-directional 
effective cavities and the resonant transmission. The symmetry of the bi-directional effective cavities itself can-
not fully describe the individual resonance. What we can see from Figs 1, 2 and 3 is that there is a relationship 
between the width of the resonance and the bi-directional high-intensity concentrations. For example, R3 and R4, 
and R7 and R8, have similar resonant transmissions: R4 has a narrower resonant width and higher bi-directional 
intensity concentrations than R3, and R7 has a narrower resonant width and higher bi-directional intensity 
Figure 6. Normalized bi-directional intensity distributions in the optimized FBG arrays. (a) R1 (optimized 
disorder 1). (b) R1 (optimized disorder 2). (c) R2 (optimized disorder 1). (d) R2 (optimized disorder 2). (e) R3 
(optimized disorder 1). (f) R3 (optimized disorder 2). (g) R4 (optimized disorder 1). (h) R4 (optimized disorder 
2). W: wavelength in nm, T: transmission, DF: deviation factor, IF: intensity factor; the number in parentheses is 
the number of the optimized disorder.
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concentrations than R8. Therefore, we could assume that the resonant width is inversely proportional to the 
bi-directional high-intensity concentrations. We introduce an empirical formula to describe the spectral width of 
the perfectly localized resonance:
λ
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β λ
λ λ
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where F(λ) is the FWHM (full width at half maximum) of the resonance, ΔλBragg is the width of the Bragg reflec-
tion band of the periodic FBG array, and βint(λ) is the IF. The first term 
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0  measures the influence of the resonance offset from the central wavelength. The four resonances in 
the FBG array with optimized disorder 1 are perfectly localized (ΔλBragg = 90 pm); the FWHMs of R1–R4 
obtained via numerical simulation are 1.2, 0.7, 0.4, and 1.5 pm, while those obtained with this empirical formula 
are 1.6, 1.2, 0.3, and 2.1 pm. The results show a good match between the numerical simulations and the presented 
analytical formula. Further simulations show that this empirical formula is also applicable for describing the 
resonant width of the layered medium.
Additional two design examples have been studied to validate the applicability of the empirical formula to the 
spectral width of the resonances. We considered two resonances at the wavelengths 1,549.98 nm and 1,550.02 nm. 
Figure 7. Normalized bi-directional intensity distributions in the optimized FBG arrays WITH gain.  
(a) R1 (optimized disorder 1). (b) R1 (optimized disorder 3). (c) R2 (optimized disorder 1). (d) R3 (optimized 
disorder 3). (e) R3 (optimized disorder 1). (f) R1 (optimized disorder 4). (g) R4 (optimized disorder 1). (h) R3 
(optimized disorder 4). W: wavelength in nm, T: transmission, DF: deviation factor, IF: intensity factor; the 
number in parentheses is the number of the optimized disorder; gain rate: 20 dB/m.
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In one design, the total localization factor was increased from 4.19 to 7,044.92 following optimization of the peri-
odic FBG array, whereas for the second design, it increased from 4.19 to 6,505.52. For design 1, the FWHMs of 
the two resonances found via numerical simulation were 0.36 and 0.15 pm, and those obtained via the empirical 
formula were 0.41 and 0.16 pm; for design 2, the FWHMs of the two resonances calculated numerically were 0.16 
and 0.38 pm, and those given by the empirical formula were 0.14 and 0.46 pm. The results show that the numerical 
simulations and the empirical formula calculations match quite well.
We applied the proposed method to a random medium with gain, and considered two designs with the 
gain rate of 4.3 dB/m. The two resonances selected for optimization were at wavelengths of 1,549.98 nm and 
1,550.02 nm. The total localization factor was increased from 4.22 to when changing the periodic FBG array to 
design 3, and was increased from 4.22 to when changing the initial FBG array to design 4. It was observed that 
the resonantly transmitted lasing intensity (described by the transmission) and the high-intensity concentrations 
(described by the IF) are extremely sensitive to the symmetry of the bi-directional effective cavities (described 
by the DF). For both designs, the IFs of the two resonances increased about 150 and 26 times from 74.86 and 
220.50 to 1.23 × 104 and 5.84 × 103, while the transmissions of the two resonances increased by two orders from 
1.17 × 104 and 6.47 × 104 to 1.77 × 106 and 1.7 × 106, respectively.
Conclusion
We have proposed and demonstrated a relatively simple new method for the design or optimization of the 
properties of resonant transmission, including spectral widths of multiple resonances, providing a tool for 
randomness-on-demand design in 1D structures. The methods and conclusions presented in this work are 
readily applicable to FBG arrays, layered mediums, and various kinds of disordered structures. For instance, 
two-dimensional (2D) disordered photonic crystals could also be characterized by resonant transmission 
peaks accompanied with high-intensity concentrations21, 22. Thus, the optimization approach introduced and 
demonstrated in this work can be modified and applied to resonance optimization in 2D photonic crystals. 
Our method paves the way for the control and manipulation of high-intensity field concentration and spatial 
resonance localization, which can benefit various research fields via uses ranging from speckle-free imaging to 
photon-matter interaction and random lasing. Furthermore, quantitative resonance optimization means that 
novel localization-based devices are feasible, such as polychromatic filters and polychromatic lasers.
Methods
Calculations of the transmission coefficients and spatial intensity distributions. The overall 
transmission T and overall reflection R for both FBG arrays and layered mediums are determined as T = |t|2 and 
R = |r|2, respectively, where t is the complex transmission coefficient and r is the complex reflection coefficient, 
which can be found as
Figure 8. Influence of fabrication error on the FBG array with original disorder. (a) Fabrication error.  
(b) Error-induced resonance fluctuations and shifts.
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Here MCj are the transfer matrices describing propagation through the fiber sections or the medium layers, 
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where Δ is the grating length, δ = β − βB is the wavenumber detuning compared to the Bragg design wavenum-
ber; ρ = − | |∆ | |⁎q q qtanh( ) /j j j j  is the discrete reflection coefficient, and q = qj = q(jΔ) is the coupling coefficient of 
the j-th section.
In the case of a layered medium,
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The intensity through the k-th layer, I(k), is defined as I(k) = |u(k) + v(k)|2, where u and v are the wave func-
tions of the right- and left-propagating waves, which are calculated as
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Here, u0 is the incident (right-propagating) wave and v0 is the counter-propagating wave, and M(k) is the 
product of the transfer matrices of the past k layers. Note that I0 = |u0 + v0|2 is the incident intensity. For the sake 
of convenience and without loss of generality, we can assume the incident light is a plane wave with unitary inten-
sity. Hence, the fields before the first layer are given by ρ
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Normalized bi-directional intensity distributions in the optimized FBG arrays WITH and 
WITHOUT gain. Figures below demonstrate normalized bi-directional intensity distributions in the opti-
mized FBG arrays without gain (Fig. 6) and with gain (Fig. 7).
Resonance optimization scheme via SPGD method. 
 1. Set a current controllable parameter φ = φ0, a vector of the initial phase shifts of all cavities.
 2. Generate a random perturbation δ, a randomly sampled array of numbers (uniformly sampled in the range 
[−10−4, 104] in this work).
 3. Measure the bipolar-perturbed total localization factors J+ = (φ + φδ) and J− = (φ − φδ).
 4. Calculate the next controllable parameter φ′ = φ + γ(J+ − J−)φδ, where γ = 1/|J+ − J−| for localization opti-
mization and γ = −1/|J+ − J−| for delocalization optimization. Update the controllable parameter φ = φ′.
 5. If the current total localization factor J(φ) is larger than a preset large value (1,800 in this work) for locali-
zation optimization, or is lower than a preset small value (15 in this work) for delocalization optimization, 
then stop the iteration. Otherwise, go to Step 2 and do another iteration.
Fiber Bragg grating fabrication and factors that impact the fabrication process. The gratings 
were fabricated in a hydrogenated SMF 28 standard telecommunications fiber using an advanced phase-mask 
fabrication setup. The hydrogen loading process took 4 days at 80 °C and 200 bar. The fabrication setup used a 
100 mW 244 nm Argon Ion laser with an amplitude modulator controlled by a computer and a high-resolution 
stage. The gratings were fabricated by moving the fiber across the beam. The beam was modulated according to 
the apodization profile and period change of the grating. The setup had a beam size of 330 μm, and the beam was 
convolved with the grating profile to fabricate the grating. Gratings were designed with controlled period changes 
to ensure the required phase shifts were fabricated accurately. The fundamental wavelength, 1,550 nm, of the 
mask was used. This showed that the change of phase between sub-gratings had little effect on the match between 
the designed and experimental gratings, considering the size of the beam used. Each grating was created with a 
phase shift relative to the previous grating. The gratings were annealed at 80 °C for 3 days after fabrication before 
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being measured with an optical vector analyzer designed by LUNA. The device’s wavelength resolution for the 
measurements was 2.5 pm. The considerable mismatches between the simulations (the black peaks in Fig. 4b–d) 
and the fabrications (the red peaks in Fig. 4b–d) occur mainly because of the measurement resolution and the 
fabrication error.
We examine the factors that caused this mismatch, including light absorption, fabrication error, and measure-
ment resolution, by taking the FBG array with the original disorder as an example. Considering light absorption, 
the absorption rate of 2 × 10−4 dB/m has no observable influence on the resonances, and even when the absorp-
tion rate is theoretically enlarged to 0.2 dB/m, the resonances are only lightly suppressed. Thus, light absorption 
is negligible for the fabricated FBG array with a short length of 6 cm.
The impact of fabrication errors is shown in Fig. 8. A fabrication error as small as up to 1% (red peaks) can 
affect the heights of the resonances. The effect of an up to 5% fabrication error (blue peaks) is even more visi-
ble, resulting in the shift of the spectral distribution of resonances (compared to the spectral shifting in Fig. 4). 
Another factor that led to the mismatch is the spectral resolution used in the simulations, 1 pm; the best possible 
measurement resolution was 2.5 pm. The lower measurement resolution affects the spectral averaging, especially 
for sharp resonances with narrow widths, and causes spectral shifting and additional fluctuations.
We can conclude that the minimal resonance mismatch between the simulation and fabrication results shown 
in Fig. 4 is due to fabrication errors and to the low measurement resolution.
Comparison with the brute force optimization algorithm. The resonance optimization algorithm 
presented in this work is somewhat indirect. Measurable resonant transmission and the spectral widths of reso-
nances are controlled by varying the symmetry of the left- and right-propagating light. Certainly, a direct brute 
force optimization of the target spectral response can be considered for the same purpose. We have performed 
extensive modelling using the direct resonance optimization algorithm based on the SPGD method, which stead-
ily optimizes the current transmission spectum to a preset target transmission spectrum. We observed that, when 
starting from a transmission spectrum close to the target transmission spectrum, the direct resonance optimiza-
tion algorithm had a relatively good performance. However, when starting from a transmission spectrum far from 
the target transmission spectrum, the direct resonance optimization algorithm was much slower and less efficient 
than the proposed method. The advantage of the proposed resonance optimization algorithm, based on TLF, is 
that it is independent of the starting disorder and achieves a satisfactory localization of multiple resonances more 
efficiently than direct optimization.
Data availability. The datasets generated and analysed during the current study are available from the cor-
responding author on reasonable request.
References
 1. Gagné, M. & Kashyap, R. Random fiber Bragg grating Raman fiber laser. Opt. Lett. 39, 2755–2758 (2014).
 2. Bliokh, Y. et al. Disorder-induced cavities, resonances, and lasing in randomly layered media. Phys. Rev. B 86, 054204 (2012).
 3. Lizárraga, N., Puente, N. P., Chaikina, E. I., Leskova, T. A. & Méndez, E. R. Single-mode Er-doped fiber random laser with 
distributed Bragg gratingfeedback. Opt. Express 17, 395–404, doi:10.1364/oe.17.000395 (2009).
 4. Shapira, O. & Fischer, B. Localization of light in a random-grating array in a single-mode fiber. em. J. Opt. Soc. Am. B 22, 2542–2552 (2005).
 5. Milner, V. & Genack, A. Z. Photon Localization Laser: Low-Threshold Lasing in a Random Amplifying Layered Medium via Wave 
Localization. Phys. Rev. Lett. 94, 073901 (2005).
 6. Feng, Y. & Ueda, K.-I. Random stack of resonant dielectric layers as a laser system. Opt. Express 12, 3307–3312, doi:10.1364/
opex.12.003307 (2004).
 7. Wu, Y. et al. Mode delocalization in 1D photonic crystal lasers. Opt. Express 17, 18038–18043, doi:10.1364/oe.17.018038 (2009).
 8. Wiersma, D. S. Disordered photonics. Nature Photon. 7, 188–196 (2013).
 9. Segev, M., Silberberg, Y. & Christodoulides, D. N. Anderson localization of light. Nature Photon. 7, 197–204 (2013).
 10. Wiersma, D. S. The physics and applications of random lasers. Nature Phys. 4, 359–367 (2008).
 11. Cao, H. In Progress in Optics Volume 45 (ed E. Wolf) 317–370 (Elsevier, 2003).
 12. Bliokh, K. Y., Bliokh, Y. P., Freilikher, V., Savel’ev, S. & Nori, F. Colloquium: Unusual resonators: Plasmonics, metamaterials, and 
random media. Rev. of Mod. Phys. 80, 1201–1213 (2008).
 13. Bachelard, N., Gigan, S., Noblin, X. & Sebbah, P. Adaptive pumping for spectral control of random lasers. Nature Phys. 10, 426–431 (2014).
 14. Shadrivov, I. V., Bliokh, K. Y., Bliokh, Y. P., Freilikher, V. & Kivshar, Y. S. Bistability of Anderson Localized States in Nonlinear 
Random Media. Phys. Rev. Lett. 104, 123902 (2010).
 15. Nozaki, K. et al. Sub-femtojoule all-optical switching using a photonic-crystal nanocavity. Nature Photon. 4, 477–483 (2010).
 16. Malomed, B. A. & Berntson, A. Propagation of an optical pulse in a fiber link with random-dispersion management. J. Opt. Soc. Am. 
B 18, 1243–1251 (2001).
 17. Driben, R., Malomed, B. A. & Chu, P. L. Solitons in regular and random split-step systems. J. Opt. Soc. Am. B 120, 2338–2348 (2003).
 18. Bliokh, K. Y., Bliokh, Y. P. & Freilikher, V. D. Resonances in one-dimensional disordered systems: localization of energy and resonant 
transmission. J. Opt. Soc. Am. B 21, 113–120 (2004).
 19. Shih-Hui, C., Cao, H. & Seong Tiong, H. Cavity formation and light propagation in partially ordered and completely random one-
dimensional systems. IEEE J. of Quant. Electron. 39, 364–374 (2003).
 20. Vorontsov, M. A., Carhart, G. W., Cohen, M. & Cauwenberghs, G. Adaptive optics based on analog parallel stochastic optimization: 
analysis and experimental demonstration. J. Opt. Soc. Am. A 17, 1440–1453 (2000).
 21. Sapienza, L. et al. Cavity Quantum Electrodynamics with Anderson-Localized Modes. Science 327, 1352–1355 (2010).
 22. Hennessy, K. et al. Quantum nature of a strongly coupled single quantum dot-cavity system. Nature 445, 896–899 (2007).
 23. Born, M. & Wolf. Principles of optics: electromagnetic theory of propagation, interference and diffraction of light. (Oxford Press, 1964).
Acknowledgements
We acknowledge support by the ERC projects ULTRALASER and PoP ULTRATUNE, the China Scholarship 
Council (CSC) (201403170474). The authors would like to thank Prof. Valentin Freilikher and Dr. Yuri Bliokh for 
numerous constructive discussions and many valuable suggestions. H.Y. would like to thank Dr. Qizhen Sun for 
innovative discussions.
www.nature.com/scientificreports/
1 2ScIentIfIc RepoRTs | 7: 8042  | DOI:10.1038/s41598-017-08635-1
Author Contributions
S.K.T. initiated the study. H.Y. and E.G.T. developed numerical methods and performed modeling. H.Y. proposed 
the design algorithm and developed the theoretical framework. E.G.T., H.Y. and A.G. designed the experiment. 
A.G. performed the experiment. All authors contributed in expanding and refining the original idea and analysis 
of the numerical and experimental data. All authors contributed to writing the paper. All authors reviewed the 
manuscript.
Additional Information
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017
